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NEXAFS  spectroscopy  was  used  to  probe  the  surface  composition  and  under-water  surface  reconstruction  of  thin 
films  of  comb-like  diblock  copolymers  with  cylindrical  and  spherical  microphases.  The  polymers  consisted  of  a 
polystyrene  block,  and  a  second  block  prepared  from  a  styrenic  monomer  grafted  with  fluoroalkyl-tagged 
poly(ethylene  glycol)  side  chains.  Compositional  depth  profiling  of  the  microphase  separated  block  copolymer  films, 
in  the  top  1?3  nm  of  the  film,  was  performed  to  understand  the  role  of  block  copolymer  microstructure  and 
self-assembly  on  surface  composition.  Using  experimentally  determined  concentration  profiles,  the  surface 
concentration  of  phenyl  ring  carbon  atoms  was  quantified  and  compared  with  those  of  homopolymer  and  random 
copolymer  controls.  The  carbon  atoms  from  the  relatively  high  surface  energy  phenyl  groups  were  depleted  or 
excluded  from  the  surface,  in  favor  of  the  low  surface-energy  fluoroalkyl  groups.  While  it  is  expected  that  block 
copolymer  surfaces  will  be  completely  covered  by  a  wetting  lamellar  layer  of  the  lower  surface  energy  block,  a 
significant  amount  of  the  higher  surface  energy  polystyrene  block  was  found  to  be  present  in  the  surface  region  of  the 
cylinder- forming  block  copolymer.  Evidently,  the  spontaneous  formation  of  the  cylindrical  polystyrene 
microdomains  in  the  near-surface  region  compensated  for  the  lowering  of  the  free  energy  that  could  have  been 
achieved  by  completely  covering  the  surfaces  with  a  lamellar  layer  of  the  lower  surface  energy  fluorinated  block.  All 
surfaces  underwent  molecular  reconstruction  after  immersion  in  water.  The  experimental  concentration  depth  profiles 
indicated  an  increased  surface  depletion  of  phenyl  ring  carbon  atoms  in  the  water-immersed  thin  films,  due  to  the 
tendency  of  hydrophilic  PEG  side  groups  to  be  present  at  the  polymer?water  interface.  Such  a  detailed 
characterization  of  the  outermost  layers  of  the  block  copolymer  surfaces  was  possible  because  of  the  exceptional 
depth  resolution  of  the  NEXAFS  depth  profiling  technique. 
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ABSTRACT:  NEXAFS  spectroscopy  was  used  to  probe  the  surface  composition  and  under-water  surface 
reconstruction  of  thin  films  of  comb-like  diblock  copolymers  with  cylindrical  and  spherical  microphases. 
The  polymers  consisted  of  a  polystyrene  block,  and  a  second  block  prepared  from  a  styrenic  monomer 
grafted  with  fluoroalkyl-tagged  poly(ethylene  glycol)  side  chains.  Compositional  depth  profiling  of  the 
microphase  separated  block  copolymer  films,  in  the  top  1—3  nm  of  the  film,  was  performed  to  understand 
the  role  of  block  copolymer  microstructure  and  self-assembly  on  surface  composition.  Using  experimen¬ 
tally  determined  concentration  profiles,  the  surface  concentration  of  phenyl  ring  carbon  atoms  was 
quantified  and  compared  with  those  of  homopolymer  and  random  copolymer  controls.  The  carbon  atoms 
from  the  relatively  high  surface  energy  phenyl  groups  were  depleted  or  excluded  from  the  surface,  in  favor 
of  the  low  surface-energy  fluoroalkyl  groups.  While  it  is  expected  that  block  copolymer  surfaces  will  be 
completely  covered  by  a  wetting  lamellar  layer  of  the  lower  surface  energy  block,  a  significant  amount  of  the 
higher  surface  energy  polystyrene  block  was  found  to  be  present  in  the  surface  region  of  the  cylinder¬ 
forming  block  copolymer.  Evidently,  the  spontaneous  formation  of  the  cylindrical  polystyrene  micro¬ 
domains  in  the  near-surface  region  compensated  for  the  lowering  of  the  free  energy  that  could  have  been 
achieved  by  completely  covering  the  surfaces  with  a  lamellar  layer  of  the  lower  surface  energy  fluorinated 
block.  All  surfaces  underwent  molecular  reconstruction  after  immersion  in  water.  The  experimental 
concentration  depth  profiles  indicated  an  increased  surface  depletion  of  phenyl  ring  carbon  atoms  in  the 
water-immersed  thin  films,  due  to  the  tendency  of  hydrophilic  PEG  side  groups  to  be  present  at  the 
polymer— water  interface.  Such  a  detailed  characterization  of  the  outermost  layers  of  the  block  copolymer 
surfaces  was  possible  because  of  the  exceptional  depth  resolution  of  the  NEXAFS  depth  profiling 
technique. 


1 .  Introduction 

There  is  currently  a  considerable  interest  in  using  patterned 
surfaces  of  amphiphilic  block  copolymers1'2  and  other  nano- 
structured  polymers3  for  controlling  interactions  of  proteins  and 
cells  with  surfaces.  The  fact  that  interaction  of  amphiphilic  bio¬ 
molecules  such  as  proteins,4  and  even  cells  and  microorganisms, 
are  sensitive  to  surface  chemical  heterogeneities5  has  triggered 
interest  in  developing  functional  block  copolymers  as  antibio- 
fouling  coatings.  Block  copolymer  self-assembly  is  a  viable 
approach  to  create  large-area  nanopatterned  coatings,  with 
tunable  pattern  size  and  shape. 6-8  Because  biological  interac¬ 
tions  of  such  patterned  coatings  usually  occur  in  an  aqueous 
environment,  it  is  important  to  study  the  influence  of  water  on  the 
surface  composition  of  the  block  copolymer  coatings.  Polymer 
surfaces  can  undergo  significant  reconstruction  when  immersed 
in  water ,9~ 14  such  that  the  composition  at  the  water— polymer 
interface  could  be  quite  different  from  the  composition  at  the 
air— polymer  interface.  Few  publications  have  investigated  the 
effect  of  water  on  chemical  structures  of  block  copolymer  films 
using  surface  sensitive  spectroscopic  techniques.2'3'7'1  ,16 

*To  whom  correspondence  should  be  addressed.  E-mail:  skrishna@ 
clarkson.edu. 


We  are  interested  in  the  near-surface  molecular  organization, 
and  reorganization  upon  immersion  in  water,  of  comb-like  block 
copolymers  with  PEGylated  fluoroalkyl  side  chains  (cf.  Figure  1). 
The  surface  active  side  chains  of  these  polymers  consist  of  a 
hydrophilic,  polyethylene  glycol)  (PEG)  segment  that  is  directly 
linked  to  a  hydrophobic  perfluoroalkyl  segment.  Block  copoly¬ 
mers,  with  polystyrene,  show  sufficient  chemical  incompatibility 
between  the  two  blocks  to  result  in  spontaneous  formation  of 
block  copolymer  microdomains.  In  air,  the  low  surface  energy 
perfluoroalkyl  segment  is  expected  to  cause  surface  segregation  of 
moieties  that  are  attached  to  it.  Under  water,  the  hydrophilic 
ethylene  glycol  segments  will  result  in  accumulation  of  these  side 
chains  at  the  water— polymer  interface.  Block  copolymers  with 
these  PEGylated  fluoroalkyl  side  groups  have  shown  excellent 
resistance  to  adhesion  by  marine  organisms  and  the  adsorption  of 
biomolecules  such  as  proteins.7’8’17  Fluoroalkyl-tagged  poly¬ 
ethylene  glycol)  moieties,  similar  to  the  side  chains  of  the  poly¬ 
mers  of  the  present  study,  have  also  been  used  for  drug  delivery18 
and  oil— water  separation.19 

When  one  of  the  blocks  in  a  block  copolymer  contains 
fluoroalkyl  groups  in  the  side  chains,  preferential  accumulation 
of  the  lower  surface  energy  block  at  the  surface  may  alter  the 
block  copolymer  morphology  in  the  near  surface  region  to  be 
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significantly  different  from  that  in  the  bulk.  This  is  often  the  case 
in  block  copolymers  with  semifluorinated  liquid  crystalline  side 
chains,  as  reviewed  in  ref  20.  A  highly  surface  sensitive  chemical 
spectroscopic  technique,  with  subnanometer  depth  resolution,  is 
required  to  verify  whether  the  microphase  separation  seen  in 
the  bulk  of  the  polymer  thin  film  is  also  displayed  at  the  surface 
of  the  coating.  Such  a  study  is  relevant  in  the  context  of  attempts 
to  create  nanopatterned  chemically  heterogeneous  surfaces  using 
block  copolymer  self-assembly. 

A  variety  of  depth  profiling  techniques  have  been  used  in  the 
past  to  study  the  structure  of  polymers  near  surfaces  and 
interfaces,21’2^  but  the  depth  resolution  of  these  techniques  is 
generally  not  sufficient  to  probe  molecular  composition  in  the  top 
1—3  nm  of  a  surface.  Techniques  such  as  forward  recoil  spectro¬ 
metry  (FRES),  nuclear  reaction  analysis  (NRA),  and  dynamic 
secondary  ion  mass  spectrometry  (SIMS)  have  the  advantage  of  a 
direct,  model-independent  determination  of  depth  profiles,  and 
generally  have  depth  resolutions  ranging  from  10  to  800  nm.23 
Using  grazing  incidence  geometry,  an  improvement  in  depth 
resolution,  down  to  about  3  nm  has  been  achieved  in  NRA.24 
Neutron  reflectivity  (NR)  and  X-ray  reflectivity  (XR)  techniques, 
which  have  at  least  1  order  of  magnitude  better  depth  resolution 
(0.5—4  nm),  are  well-established  techniques  for  determining  film 
thickness,  interfacial  width,  and  interfacial  roughness  values  with 
subnanometer  precision.  Moreover,  in  a  relatively  new  X-ray 
approach  called  resonant  soft  X-ray  reflectivity  (RSoXR),  mole¬ 
cular-structure  specific  variations  in  the  complex  index  of  refrac¬ 
tion  has  been  used  to  augment  conventional  XR  with  molecular 
spectroscopy  capability.25  X-ray  photoelectron  spectroscopy 
(XPS)  has  been  widely  used  for  depth  profiling  of  polymer  thin 
films.26-29  Using  an  electron  emission  angle,  <p,  of  85°  measured 
from  surface  normal,  sampling  depths  as  low  as  0.5—0.75  nm 
have  been  achieved,30  although  it  may  be  necessary  to  incorpo¬ 
rate  elastic  scattering  effects  in  reconstruction  of  composition- 
depth  profile  from  angle-resolved  XPS  data  acquired  at  such 
large  emission  angles.31 

NEXAFS  analysis  is  a  powerful  spectroscopic  technique  for 
composition  depth  profiling,  well-suited  for  probing  low  atomic- 
number  atoms  such  as  C,  N,  O,  and  F  that  are  the  main 
constituents  of  several  organic  polymers.32  Chemical  modifica¬ 
tion  of  the  polymer  (for  example,  deuteration)  is  not  necessary  for 
depth  profiling,  and  as  will  be  evident  from  this  report,  C  K-edge 
NEXAFS  has  exceptional  sensitivity  to  subnanometer  depth 
variations  in  atomic  concentrations.  Although  the  sampling- 
depth  in  C  K-edge  NEXAFS  analysis  is  limited  to  below  5  nm, 
and  the  technique  cannot  be  used  to  study  interfaces  buried  below 
this  depth,  molecular  composition  of  the  top  few  nanometers  of  a 
surface  can  be  accurately  characterized.  In  principle,  a  model- 
independent  determination  of  compositional  depth  profile  is 
possible  using  NEXAFS  depth-profiling.  In  the  present  study, 
however,  a  model  for  composition  profile  was  selected  a  priori , 
and  the  experimental  NEXAFS  data  were  used  to  determine  the 
parameters  of  this  model. 

There  are  only  a  few  studies  that  have  used  NEXAFS  to 
determine  near-surface  composition  profiles  in  polymer  thin 
films.  In  the  past,  we  have  used  NEXAFS  to  characterize  compo¬ 
sition  depth  profile  in  thermally  annealed  amphiphilic  block 
copolymer  thin  films.7’38  Theato  et  al.  have  studied  surface 
reorganization  of  polymer  films  prepared  from  diblock  copoly¬ 
mers  comprised  of  a  polystyrene  block  and  a  second  hydrophilic 
polystyrene  block  with  acetoxy-terminated  diethylene  glycol  side 
chains.16  Using  NEXAFS  spectroscopy,  it  was  demonstrated  that 
the  outermost  surface  layer  exhibited  an  exchange  between 
hydrophobic  and  hydrophilic  segments  as  the  surfaces  were 
equilibrated  in  vacuum  and  water,  respectively.33  While  interfacial 
segregation  was  clearly  evident  from  their  NEXAFS  analysis, 
composition  depth  profiles  were  not  the  focus  of  investigation. 


Figure  1.  Copolymers  with  amphiphilic,  PEGylated  fluoroalkyl  side 
chains:  (x)  ~  5  and  (y)  ~  4. 


Table  1.  Microstructure  Characterization  of  Polymers  Used  in  the 
Present  Study 

o'-spacing  (nm) 

polymer  type  ma  vh  microdomains  AFM  G1SAXS 

H  homopolymer  1.00  1.00 

R  random  copolymer  0.66  0.91 

S  block  copolymer  0.28  0.67  PS  spheres  23.0  22.0 

C  block  copolymer  0.25  0.63  PS  lying  19.8  20.3 

cylinders 

a  m  is  the  mole  fraction  of  the  monomer  with  PEGylated  fluoroalkyl 
side  chains.  b  v  is  the  volume  fraction  of  the  monomer  with  PEGylated 
fluoroalkyl  side  chains. 

In  the  present  paper,  we  discuss  the  effect  of  surface  segrega¬ 
tion  on  the  near-surface  composition  profile  of  amphiphilic  block 
copolymers,  and  the  role  of  water  in  restructuring  the  surface. 
Quantitative  depth  profiles  were  obtained  for  surfaces  immersed 
in  water  (prior  to  NEXAFS  analysis)  and  were  compared  with 
near-surface  structure  of  surfaces  annealed  in  vacuo,  to  under¬ 
stand  the  surface-reconstruction  phenomenon. 

2.  Materials  and  Methods 

Four  different  polymers  were  investigated.  The  structure  of  the 
polymers  is  shown  in  Figure  1 .  The  PEGylated  fluoroalkyl  side 
chains  were  polydisperse,  with  average  number  of  ethylene  glycol 
units,  (x),  equal  to  5,  and  the  average  number  of  perfluoroethy- 
lene  groups,  (y),  equal  to  4.  Table  1  gives  structural  details  of  these 
polymers  determined  using  'H  NMR  spectroscopy,  size  exclusion 
chromatography,  grazing  incidence  small-angle  X-ray  scattering 
(GISAXS),  and  atomic  force  microscopy  (AFM).  The  polymers 
are  denoted  by  H,  R,  S,  and  C.  Polymer  FI  is  a  homopolymer  of 
the  styrenic  monomer  with  PEGylated  fluoroalkyl  side  chains. 
Polymer  R  is  a  random  copolymer  of  styrene  and  the  PEGylated/ 
fluorinated  monomer.  Polymer  S  is  a  block  copolymer  with 
spherical  microdomains  of  polystyrene  dispersed  in  a  matrix  of 
the  PEGylated/fluorinated  block.  Polymer  C  is  a  block  copoly¬ 
mer  with  a  cylindrical  polystyrene  microdomains.  The  mole 
fraction  of  the  amphiphilic  monomer  in  the  copolymer,  denoted 
by  m  in  Table  1,  was  determined  by  1 H  NMR  spectroscopy.  The 
block  copolymers  were  synthesized  by  atom  transfer  radical 
polymerization  (ATRP).  Homopolymer  FI  and  random  copoly¬ 
mer  R  were  synthesized  by  conventional  free  radical  polymeri¬ 
zation  using  2,2'-azobis(isobutyronitrile)  initiator.  Details  on  the 
synthesis  of  the  PEGylated/fluororinated  monomer  and  the 
block  copolymers,  spectroscopic  (IR  and  NMR)  and  thermal 
(DSC)  characterization  of  the  polymers,  along  with  preliminary 
surface  characterization  using  contact  angle  measurements 
and  X-ray  absorption  spectroscopy  have  been  reported  pre¬ 
viously.15  The  block  copolymer  microstructures  and  domain 
sizes  were  determined  by  AFM  and  GISAXS,  as  also  reported 
previously.15 

The  PEGylated/fluorinated  monomer  was  the  majority  com¬ 
ponent  in  all  the  three  copolymers,  which  is  evident  from  the 
volume  fractions,  v,  shown  in  Table  1.  Molecular  weights  and 
polydispersity  indices  (PDI)  were  determined  by  size  exclusion 
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chromatography  (SEC,  Jasco  PU-1580  liquid  chromatograph 
equipped  with  a  Jasco  830-RI  refractive  index  detector  and  a 
Perkin- Elmer  LC75  UV  detector)  of  dilute  polymer  solutions 
in  chloroform,  using  polystyrene  standards  for  hydrodynamic 
volume  versus  molecular  weight  calibration.  The  number-average 
molecular  weights,  Mn,  of_the  PS  block  in  block  copolymers 
S  and  C  were  5300  g/mol  (Mw/Mn  =  1.37).  The  total  number- 
average  molecular  weight,  determined  by  GPC,  was  22  800  g/mol 
for  polymer  S  and  16000  g/mol  for  polymer  C.  The  ratios  of  the 
weight-average  and  number-average  molecular  weights  were  1 .77 
for  S  and  1.51  for  C.  The  ATRP  controlled  radical  polymeriza¬ 
tion  resulted  in  polymers  with  narrower  molecular  weight  dis¬ 
tributions  than  conventional  free  radical  polymerization,  as 
evident  front  the  relative  widths  of  the  SEC  chromatograms 
(cf.  Supporing  Information).  The  volume  fraction  of  the  amphi¬ 
philic  monomer  in  the  copolymer  thin  film  was  calculated  using 
the  molar  volume  of  the  amphiphilic  monomer,  estimated  using 
group  contribution  values  for  molar  volume34  (cf.  Table  1).  The 
two  block  copolymers  used  in  the  present  study  evidently  had 
compositions  at  the  border  between  spherical  and  cylindrical 
regions  of  the  block  copolymer  phase  diagram.  The  glass  transi¬ 
tion  temperature  of  the  PEGylated/fluorinated  homopolymer 
was  determined  to  be  —35  °C  using  differential  scanning  calori¬ 
metry  (Mettler  DSC-30).  The  relatively  low  molecular  weight 
PS  blocks  in  the  block  copolymers  showed  glass  transition  near 
85  °C.  The  microdomain  rf-spacings  determined  using  GISAXS 
were  about  22  and  20  nm  for  block  copolymers  S  and  C, 
respectively. 

The  polymers  were  dissolved  in  chloroform  to  obtain  3  %  (w/v) 
solutions.  The  solutions  were  filtered  using  a  450  nm  syringe  filter 
and  spin-coated  on  silicon  wafers.  A  Cee  model  100CB  spin 
coater  was  used  at  a  rotational  speed  of  2000  rpm  for  30  s 
(acceleration  of  1000  rpm/s).  The  films  were  dried  in  a  vacuum 
oven  at  60  °C  and  further  annealed  in  vacuo  at  120  °C  for  12  h. 
They  were  then  slowly  cooled  to  room  temperature.  These 
surfaces  will  be  referred  to  as  “dry”  surfaces.  The  thicknesses  of 
the  films  were  measured  using  the  Woollam  variable  angle 
spectroscopic  ellipsometer.  The  spectral  data  were  collected  over 
a  wavelength  range  from  300  to  1000  nm  at  an  angle  of  incidence 
of  70°.  The  data  front  the  polymer  thin  film  layer  was  evaluated 
using  a  Cauchy  model.  The  dry  thicknesses  of  H,  R,  S,  and  C  films 
were  all  found  to  be  between  400  and  550  nm  thick,  significantly 
larger  than  the  sampling  depth  of  NEXAFS,  and  the  block 
copolymer  domain  sizes.  A  Veeco  Digital  Instruments  Dimen¬ 
sion  3100  scanning  probe  microscope  was  used  in  the  tapping 
mode  for  AFM  measurements. 

Dynamic  water  contact  angle  values  were  determined  using  the 
sessile  drop  method.  Advancing  and  receding  water  contact 
angles  were  measured  at  room  temperature  using  a  Rame-Hart 
model  100—00  contact  angle  goniometer.  A  droplet  on  the 
surface  was  expanded  and  contracted  by  the  addition  and  with¬ 
drawal,  respectively,  of  water  using  a  microsyringe  and  needle 
assembly.  The  advancing  contact  angle,  (9a,  was  measured  at  the 
leading  edge  of  the  expanding  droplet,  and  the  receding  contact 
angle,  0r,  was  measured  at  the  trailing  edge  of  the  contracting 
droplet. 

X-ray  photoelectron  spectroscopy  (XPS)  of  surfaces  were 
performed  using  a  Surface  Science  Instruments  SSX-100  with  a 
monochromatic  A1  Ka  X-rav  source  at  1486.6  eV  at  an  operating 
pressure  of  less  than  2  x  10-9  Torr.  Photoelectrons  were  collected 
at  an  angle  of  55°  from  the  surface  normal  and  analyzed  using  a 
hemispherical  analyzer  with  pass  energy  of  150  eV  for  survey 
scans  and  50  eV  for  high  resolution  scans.  The  X-ray  incidence 
angle,  relative  to  the  surface  normal,  was  71°.  Charge  compensa¬ 
tion  was  carried  out  using  low-energy  electrons  front  an  electron 
flood  gun.  The  spectra  were  analyzed  using  CasaXPS  v.  2.3.12 
software. 


Figure  2.  Schematic  of  the  experimental  geometry.  0  is  the  angle  of 
X-ray  incidence.  D  is  the  channeltron  electron  detector,  which  is  at  a 
fixed  angle  A  with  respect  to  the  X-ray  beam.  Emission  angle  (p  is 
the  angle  between  the  surface  normal  and  the  path  traversed  by  the 
electrons  to  reach  the  detector.  The  sample  is  rotated  about  an  axis 
normal  to  the  plane  of  the  figure  to  vary  0  (and  <p). 

To  study  under-water  surface  reconstruction,  the  thermally 
annealed  surfaces  were  immersed  in  distilled  water  for  3  days  at 
room  temperature  and  subsequently  for  12  h  at  70  °C.  The 
surfaces  were  kept  immersed  in  water  at  room  temperature,  and 
were  removed  front  water  and  dried  at  room  temperature  just 
before  loading  into  the  NEXAFS  analysis  chamber.  These 
surfaces,  which  had  been  immersed  in  water  prior  to  X-ray 
analysis,  will  be  referred  to  as  “wet”  surfaces.  A  comparison  of 
the  NEXAFS  spectra  of  the  wet  surfaces,  acquired  at  different 
times  in  the  NEXAFS  chamber,  indicated  that  the  surfaces 
underwent  negligible  reconstruction  in  vacuo  at  room  tempera¬ 
ture — over  the  time  scale  of  the  NEXAFS  experiments  (cf. 
Supporting  Information). 

NEXAFS  depth  profiling  experiments  were  carried  out  on  the 
U7A  NIST/Dow  materials  characterization  end-station  at  the 
National  Synchrotron  Light  Source  at  Brookhaven  National 
Laboratory.  The  synchrotron  X-ray  beam  was  elliptically  polari¬ 
zed  (polarization  factor,  P  =  0.85),  with  the  electric  field  vector 
predominantly  in  the  plane  of  the  storage  ring.  The  photon  flux 
was  about  1011  photons/s  at  a  typical  storage  ring  current  of 
500  mA.  A  spherical  grating  monochromator  was  used  to  obtain 
monochromatic  soft  X-rays  at  an  energy  resolution  of  0.1  eV. 
Spectra  were  acquired  at  0.2  eV  steps.  C  K-shell  NEXAFS 
spectra  were  acquired  for  photon  energy  in  the  range  270— 
320  eV.  The  NEXAFS  chamber  consisted  of  a  sample  holder 
that  was  positioned  on  a  computer-controlled  goniometer.  The 
sample  holder  could  be  rotated  about  an  axis  normal  to  the  plane 
of  the  storage  ring  to  vary  the  X-ray  incidence  angle,  0  (Figure  2). 
NEXAFS  spectra  were  obtained  at  X-ray  incidence  angles 
varying  from  20°  to  130°. 35  Each  measurement  was  taken  on  a 
fresh  spot  to  minimize  possible  beam  damage  effects.  Electrons 
emitted  from  the  surface  were  collected  using  a  channeltron 
electron  multiplier  with  an  adjustable  entrance  grid  bias  (EGB). 
The  data  reported  were  acquired  using  a  grid  bias  of  —  1 50  V.  The 
negative  grid  potential  prevents  electrons  with  kinetic  energy  less 
than  150  eV  from  entering  the  detector.  The  channeltron  partial 
electron  yield  (PEY)  detector  was  positioned  at  an  angle,  A,  of  36° 
with  respect  to  the  incoming  X-ray  beam,  and  in  the  equatorial 
plane  of  the  sample  chamber.  Thus,  the  emission  angle,  <p,  is  given 
by  q>  =  6  +  A  —  90°  (Figure  2). 

To  eliminate  the  effect  of  incidence  beam  intensity  variations 
and  monochromator  absorption  features,  the  PEY  signals  were 
normalized  by  the  incidence  beam  intensity  obtained  from  the 
photo  yield  of  a  clean  gold  grid.  A  linear  pre-edge  baseline  was 
subtracted  from  the  normalized  spectra,  and  the  edge  jump  was 
arbitrarily  set  to  unity  far  above  the  C  K-edge,  a  procedure  that 
enabled  comparison  of  different  NEXAFS  spectra  for  the  same 
number  of  carbon  atoms.36  Energy  calibration  was  performed 
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using  a  highly  oriented  pyrolytic  graphite  (HOPG)  reference 
sample.  The  HOPG  C  Is  — *  jr*  transition  was  assigned  an  energy 
of  285.5  eV  according  to  the  literature  value.37  The  simultaneous 
measurement  of  a  graphite-coated  gold  grid  allowed  the  calibra¬ 
tion  of  the  photon  energy  with  respect  to  the  HOPG  sample.  The 
error  in  the  energy  calibration  is  expected  to  be  within  ±0.5  eV. 
Charge  compensation  was  carried  out  by  directing  low-energy 
electrons  from  an  electron  gun  onto  the  sample  surface. 

Depth  profiling  using  NEXAFS  is  also  possible  by  using  a 
fixed  angle  of  X-ray  incidence,  but  varying  the  entrance  grid  bias 
of  the  channeltron  electron  detector.38-40  In  the  present  study, 
however,  we  varied  the  X-ray  incidence  angle  at  a  constant  value 
of  the  entrance  grid  bias. 

3.  Model  Description 

As  shown  in  eq  1,  the  postedge  normalized  Auger  electron 
intensity,  /a,  depends  on  the  flux,  70  (photons  s-1  cm-2),  of  the 
incidence  X-ray  photons;  the  area,  A0  (cnr),  of  the  sample 
exposed  to  the  X-ray  beam;  the  X-ray  absorption  cross  section, 
oxi,  corresponding  to  electronic  transition  i;  the  Auger  electron 
yield,  <±>a,  of  the  core  excitation  process;  the  concentration,  p,- 
(atoms/cm3)  of  carbon  atoms  involved  in  a  chemical  bond  of  type 
i;  the  escape  depth  of  electrons,  A,-  (nm);  and  the  angle  of  emission 
with  respect  to  the  surface  normal,  q>,  at  which  the  electrons  are 
detected.7 
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The  summation  in  the  denominator  of  eq  1  is  of  Auger  emissions 
from  all  the  carbon  atoms  in  the  sample  that  have  different 
bonding  environments,  measured  typically  at  around  320  eV  for 
the  C  Is  NEXAFS  spectra — an  energy  that  corresponds  to 
electronic  transition  to  the  continuum  state.  It  should  be 
noted  that  only  those  electrons  that  have  kinetic  energy  higher 
than  the  retarding  potential  applied  at  the  electron  detector  are 
measured. 

The  kinetic  energy  of  the  Auger  electrons  emitted,  when  core 
holes  at  different  carbon  atoms  are  filled,  is  nearly  identical. 
Consequently,  the  electron  escape  depths,  A,-,  can  be  replaced  by  a 
common  value,  A.  Similarly,  the  X-ray  absorption  cross  section 
for  electronic  transitions  to  a  continuum  (ax  i  in  the  denominator 
of  eq  1)  is  insensitive  to  the  nature  of  chemical  bonding,  and  is  the 
same  for  all  carbon  atoms.  Hence,  eq  1  can  be  simplified  to: 
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The  absorption  cross  section  for  transition  to  a  a*  or  a  ji*  final 
state,  however,  depends  not  only  on  chemical  bonding  but  also  on 
the  orientation  of  bonds  with  respect  to  the  electric  field  of  the 
polarized  X-ray  beam  such  that 


in  terms  of  the  X-ray  incidence  angle,  6,  and  the  orbital  tilt  angle, 
a,  as  follows: 
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(4) 


where  P  is  the  degree  of  polarization  of  the  X-ray  beam,  equal  to 
about  0.85.  Notational  simplification  can  be  achieved  by  using 
the  definition  of  bond  orientational  order  parameter,  S 

S  =  1  -  ^(sin2  a)  (5) 

where  (sin2  a)  is  the  average  of  sin2  a  over  all  the  bonds. 

Thus, 

Ox, ;  °=  PS  cos2  6  +  ^  ^  (6) 

O 

Equation  2  can  be  further  simplified  by  assuming  that  the  atomic 
density  of  carbon  atoms  in  the  polymer  thin  film  is  independent  of 
depth,42,43  to  obtain: 
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where 

m 

i 

is  the  ratio  of  the  number  density  of  carbon  atoms  that  belong  to  a 
chemical  bond  of  type  z,  at  depth  z,  to  the  total  number  density  of 
carbon  atoms,  at  depth  z.  Combining  eqs  6  and  7,  we  get 
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where  A  is  a  proportionality  constant. 

Equation  8  relates  the  variation  in  the  normalized  intensity  of 
a  NEXAFS  resonance  to  physical  characteristics  of  the  film, 
namely,  composition,  fh  and  bond  orientation,  S,  and  the 
geometrical  features  of  the  experimental  setup,  namely,  angle  of 
X-ray  incidence,  0 ,  and  angle  of  electron  detection,  (p.  By 
measuring  resonance  intensities  over  a  series  of  X-ray  incidence 
and  electron  detection  angles,  it  is  possible  to  extract  information 
on  compositional  depth  profile  and  molecular  orientation  in  the 
thin  film. 

The  order  parameter,  S ,  can  be  constant  throughout  the 
thickness  of  the  film  or  can  vary  with  depth.  For  constant  S , 
eq  8  can  be  rewritten  as 
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A  cos  cp  I  3  \  6  J  I  Jo  [  A  cos  (p  J 

(9) 


Ox,  i  x  COS2  d  (3) 

where  d  is  the  angle  between  the  direction  of  the  electric  field 
vector  and  the  direction  of  the  final  state  molecular  orbital.41  In 
the  case  of  phenyl  rings,  the  direction  of  the  ji*  orbital  is 
perpendicular  to  the  plane  of  the  phenyl  ring.  When  the  bond 
orientation  exhibits  azimuthal  symmetry  about  the  surface 
normal,  as  is  expected  to  be  the  case  here,  eq  3  can  be  expressed 


The  order  parameter  will  be  equal  to  0  when  the  bonds  are  not 
ordered.  Here,  the  second  integral  on  the  right-hand  side  of  eq  8 
drops  out,  resulting  in  the  equation  that  we  derived  previously.7 

4.  Results  and  Discussion 

4.1.  Homopolymer  Thin  Films.  Figure  3  shows  the  XPS 
survey  scan  for  the  homopolymer  surface.  The  experimentally 
determined  atomic  concentrations  are  in  good  agreement  with 
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the  values  expected  from  the  known  chemical  structure  of  the 
homopolymer:  C  55.1%  (54.7%  expected);  O  13.2%  (13.3% 
expected);  and  F  31.6%  (32.1  %  expected).  The  high  resolution 
C  Is  XPS  spectrum  is  shown  in  the  Supporting  Information. 

Figure  4  shows  the  NEXAFS  spectrum  of  a  dry  film  of 
homopolymer  H,  obtained  using  an  X-ray  incidence  angle  of 
50°.  Curve  fitting  of  the  C  Is  spectrum  was  performed  using  a 
series  of  Voigt,  Gaussian  and  asymmetric  Gaussian  line 
shapes,  as  discussed  by  Stohr.36  A  square  step  function, 


Figure  3.  XPS  spectrum  of  a  surface  of  a  dry  film  of  homopolymer  H 
obtained  at  an  emission  angle  of  55°  relative  to  surface  normal. 


convoluted  with  a  Gaussian  function  and  an  exponential 
decay  function,  was  used  to  model  the  continuum  step.  The 
curve  fits  are  shown  in  Figure  4.  The  peak  near  285.2  eV 
corresponds  to  the  C  Is  — *•  jr*c=c  resonance,44-46  whereas 
that  near  293  eV  corresponds  to  the  C  Is—1 -ct*c-f  resonance. 

4.2.  Copolymer  Thin  Films.  Figure  5  shows  the  postedge 
normalized  C  Is  NEXAFS  spectra  of  “dry”  surfaces  of 
copolymers  C,  S,  and  R,  acquired  at  an  X-ray  incidence 
angle  of  50°. 

The  jt*c=c  peak  intensity  was  higher  for  "dry”  block 
copolymer  C  than  "dry”  homopolymer  H  (cf.  Figure  4). 
The  normalized  PEY  of  C  Is  — *  jt*c=c  resonance  at  50° 
X-ray  incidence  was  about  2.66  for  the  "dry”  block  copoly¬ 
mer  C  and  1.86  for  “dry”  homopolymer  H.  Thin  films  of 
block  copolymer  C  contained  cylindrical  PS  microdomains 
that  were  oriented  parallel  to  the  substrate  (cf.  tapping  mode 
AFM-phase  image  shown  in  Figure  6).  Clearly,  the  higher 
intensity  of  the  jr*c=c  resonance  is  because  of  the  styrene 
units  from  the  polystyrene  block  that  are  present  either  at  the 
surface  (z/A  =  0)  or  very  close  to  the  surface  (within  a  depth 
of  about  3A  ~  6  nm  that  is  probed  by  NEXAFS). 

Surfaces  of  diblock  copolymers  in  which  the  block  with 
lower  surface  energy  is  the  majority  component  (as  in  the 
case  of  the  block  copolymers  of  the  present  study)  are 
expected  to  be  completely  covered,  at  equilibrium,  by  a  thin 
brush  layer  of  the  lower  surface  energy  block,  irrespective  of 
the  block  copolymer  microstructure  in  the  bulk.47  In  a  recent 
study  using  tapping  mode  atomic  force  microscopy,  X-ray 
photoelectron  spectroscopy,  neutron  reflectometry,  and  sur¬ 
face  wettability  measurements,  Neto  et  al.  found  that  sur¬ 
faces  of  thin  films  of  polystyrene-/Voc/:-poly(ethylene  oxide) 
(PS-&-PEO)  diblock  copolymer,  with  lamellar  morpho¬ 
logy,  were  completely  covered  by  the  lower  surface-energy 


Figure  4.  Carbon  K-edge  NEXAFS  spectrum  of  homopolymer  H  and  the  fitted  curves.  The  spectrum  was  acquired  at  an  X-ray  incidence  angle  of  50° 
and  an  entrance  grid  bias  of  —  1 50  V.  Experimental  data  points  are  denoted  by  circles  (O),  and  the  curve  fit  by  the  solid  line.  Individual  resonance  peaks 
and  the  continuum  step  are  shown  by  dashed  lines  The  positions  of  the  jr*c=c>  ct*c-f  and  cr*C-o  resonances  are  indicated  by  +,  V,  *,  and  0, 

respectively.  The  C  Is  —  o* C-c  resonance,  of  the  unoriented  fluoroalkyl  segments,  occurs  near  296  eV. 


Figure  5.  C  1  s  NEXAFS  spectra  of  surfaces  of  copolymers  (a)  C,  (b)  S,  and  (c)  R,  obtained  at  an  X-ray  incidence  angle  of  50°,  and  an  entrance  grid  bias 
of -150  V. 
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Figure  6.  Tapping  mode  AFM  phase  images  of  “dry"  films  of  block 
copolymers  C  (left)  and  S  (right),  on  silicon  surfaces. 

polystyrene  block,  as  expected.48  However,  an  earlier  study 
by  Thomas  and  O'Malley  indicated  that,  for  both  lamellar 
and  cylinder-forming  PS-6-PEO  films,  although  the  surfaces 
of  the  copolymer  films  were  significantly  richer  in  PS  than  in 
the  bulk,  the  higher  surface  energy  PEO  was  not  completely 
covered  by  the  lower  surface  energy  PS  block.49  Using  angle- 
resolved  XPS  experiments,  they  argued  that  the  PEO  do¬ 
mains  were  exposed  at  the  air— polymer  interface.  Neto  et  al. 
have  explained  this  discrepancy  based  on  the  fact  that  the  PS- 
/j-PEO  films  investigated  by  Thomas  and  O'Malley  were  not 
annealed,  and  therefore  not  at  equilibrium,  and  that  the 
thermodynamically  preferred  parallel  arrangement  was  lost 
in  the  relatively  thick  films  used  in  the  older  study. 

Other  researchers  have  reported  the  formation  of  nano¬ 
patterns  of  block  copolymer  microdomains  at  surfaces. 
Surface  nanopatterns  in  symmetric  polystyrene-A/oc^-poly- 
(L-lactide)  diblock  copolymers  have  been  observed  using 
electron  microscopy  and  AFM,50  51  the  formation  of  which 
has  been  attributed  to  the  similarity  in  surface  energy  values 
of  polystyrene  and  poly(L-lactide).  By  examining  0s04 
stained  ultrathin  sections  of  as-cast  polystyrene-Woc/r-poly- 
(2-hydroxyethyl  methacrylate)  using  transmission  electron 
microscopy,  Senshu  et  al.  found  that  microdomains  of 
polystyrene  and  poly(2-hydroxyethyl  methacrylate)  were 
mixed  at  the  top  surface  of  the  films.52  The  incomplete 
enrichment  of  the  lower  surface-energy  PS  at  the  surface 
was  also  verified  using  XPS.  Contact  angle  measurements 
showed  that  the  surfaces  of  the  film  became  hydrophilic  after 
soaking  in  water  because  of  surface  reconstruction,  but  the 
change  in  the  surface  morphology  was  not  reversible.  For 
symmetric  polystyrene-Woc&-poly[oligo(ethylene  glycol) 
methacrylate]  block  copolymers,  Ishizone  et  al.  found  that 
the  nature  of  the  terminal  moiety  on  the  oligo(ethylene 
glycol)  (OEG)  side  chain,  OH  or  OCH3,  played  an  important 
role  in  determining  the  surface  structure  of  the  block  copo¬ 
lymer  films.53  Angle-resolved  XPS  and  contact  angle  mea¬ 
surements  indicated  that  whereas  surfaces  of  block  copoly¬ 
mers  containing  hydroxy-terminated  OEG  were  completely 
covered  by  polystyrene,  the  poly[oligo(ethylene  glycol) 
methacrylate]  block  was  present  at  the  surface  of  block 
copolymers  with  methoxy-terminated  side  chains. 

In  the  present  study,  the  higher  C  Is  — *  jr*c=c  peak 
intensity  for  “dry”  block  copolymer  C  compared  to  homo- 
polymer  H,  at  all  X-ray  incidence  angles,  is  a  clear  evidence 
for  the  fact  that  the  higher  surface  energy  PS  block  was  either 
exposed  at  the  air— polymer  interface  or  present  within  the 
NEXAFS  probe  depth  of  about  6  nm.  Whether  the  presence 
of  the  higher  surface  energy  PS  block  at  the  surface  is  of 
thermodynamic  origin  or  of  kinetic  origin  (that  is,  dependent 
on  polarity  of  the  solvent  used  for  spin  coating,  solvent 
evaporation  rate,  annealing,  or  film  thickness)  is  presently 
unknown.  All  the  films  used  in  the  present  study  were 


annealed  in  vacuo  at  120  °C  for  12  h.  Thermal  annealing  is 
expected  to  relax  kinetically  trapped  morphologies,  similar 
to  those  observed  in  other  cylinder  forming  block  copoly¬ 
mers,  such  as  the  poly(a-methylstyrene)-WocA--poly(4-hy- 
droxystyrene)  thin  films  investigated  by  Bosworth  et  al.5 
Moreover,  the  copolymer  films  used  in  this  study  were 
relatively  thick.  While  a  disordered  microstructure,  such  as 
a  mixture  of  cylinders  oriented  parallel  and  perpendicular  to 
the  substrate,  can  form  in  thicker  films,  tapping  mode 
AFM  and  GISAXS  studies  showed  a  well-aligned  hexagonal 
lattice  of  parallel  PS  cylinders.15  Regardless  of  whether  the 
PS  block  was  directly  present  at  the  air— polymer  interface 
(as  would  be  possible  when  the  surface  PS  microdomains 
were  laterally  truncated  cylinders  that  were  not  covered  by 
the  PEGylated/fluorinated  block)  or  was  buried  by  a  very 
thin  layer  of  the  lower  surface  energy  fluorinated  block,  our 
NEXAFS  depth  profiling  analysis  showed  clear  evidence  of  a 
lower  concentration  of  phenyl  rings  at  the  surface,  than  in  the 
bulk,  for  all  the  polymers  investigated. 

The  volume  fraction  of  the  PEGylated/fluorinated  blocks 
in  copolymers  C  and  S  are  large,  but  their  lengths  are  fairly 
short  (about  34  carbon  atoms  along  the  block  length  for 
copolymer  C,  and  40  carbon  atoms  for  copolymer  S).  The 
largest  possible  end-to-end  distances  for  the  PEGylated/ 
fluorinated  blocks  in  copolymers  C  and  S  are,  therefore, 
about  4.2  and  4.9  nm,  respectively  (calculated  using 
nl  sin(r/2),  where  n  is  the  number  of  bonds,  /  is  the  bond 
length,  and  r  is  the  tetrahedral  bond  angle).  The  average  side 
chain,  in  the  all  -tram  (zigzag)  conformation,  has  an  end-to-end 
distance  of  about  3.2  nm.  Although  the  actual  conformations 
of  the  PEGylated/fluorinated  block  in  the  copolymer  films 
and  the  fluoroalkyl— PEG  side  chains  will  have  lower  mean 
end-to-end  distances  than  those  calculated  above,  the  calcu¬ 
lations  indicate  that  the  side  chains  are  not  significantly 
smaller  in  length  than  the  block  length  itself.55  From  this 
analysis,  it  is  not  unexpected  that  the  styrene  units  from 
the  PS  block  are  present  in  the  surface  region,  within  the 
NEXAFS  probe-depth,  to  increase  the  jt*c=c  intenstiy,  and 
close  enough  to  the  surface  to  influence  surface  wettability 
(cf.  section  4.3).  NEXAFS  depth  profiling  indicates  that 
more  styrene  units  of  the  PS  block  were  present  at  the  surface 
of  the  block  copolymer  C  with  cylindrical  microdomains 
than  block  copolymer  S  with  spherical  microdomains. 

The  near-surface  compositional  depth  profiles  of  the  block 
copolymers  C  and  S,  and  the  random  copolymer,  R,  were 
determined  using  eq  9,  and  the  experimental  7a  versus  0 
values  (please  see  Supporting  Information  for  details).  Both 
“dry”  and  “wet”  films  were  characterized.  The  concentration 
profiles  are  shown  in  Figure  7. 

The  phenyl  ring  orientational  order  parameter,  S,  was 
found  to  be  close  to  0,  indicating  that  the  phenyl  rings  were 
only  weakly  oriented.  Table  2  gives  the  average  number- 
fraction,  /avg,  of  the  phenyl  ring  carbon  atoms  (C=C  carbon 
atoms)  in  the  surface  layer  between  ~jk  =  0  and  zjX  =  2, 
calculated  for  the  concentration  profiles  shown  in  Figure  7. 
The  values  of /avg  for  the  “dry”  surfaces  are  all  greater  than 
6/29  (~  0.21),  which  is  the  average  number-fraction  of  phenyl 
ring  carbon  atoms  in  homopolymer  H  based  on  the  chemical 
structure  of  the  homopolymer  (cf.  Figure  1).  The  /avg  values 
are  greater  than  0.21  for  the  dry  copolymer  surfaces  because 
of  the  presence  of  phenyl  rings  from  the  styrene  comonomer 
(in  addition  to  the  phenyl  rings  of  the  PEGylated/fluorinated 
monomer).57,58 

The  phenyl  ring  concentration  was  the  highest  for  block 
copolymer  C  that  had  cylindrical  PS  microdomains  (/avg  ~ 
0.37).  Block  copolymer  C  had  higher  mole  fraction  of  styrene 
units  than  copolymer  S  or  R  (cf.  Table  1).  Block  copolymer  C 
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Figure  7.  (a— c)  Concentration  depth  profiles  of  phenyl  ring  carbon 
atoms  in  “dry”  and  “wet”  thin  films  of  copolymers  C  (a),  S  (b),  and  R 
(c).  The  electron  escape  depth,  X,  is  about  2  nm.56 


Table  2.  Phenyl  Ring  Peak  Intensity  and  Average  Number  Fraction  of 
Phenyl  Ring  Carbon  Atoms  at  the  Surface 

surface  jr*c-c  intensity"  /avg* 


dry  C 

2.66 

0.37 

wet  C 

1.58 

0.22 

dryS 

1.86 

0.26 

wet  S 

1.29 

0.17 

dry  R 

1.84 

0.27 

wet  R 

1.18 

0.17 

"  Postedge  normalized  intensity  of  the  C  Is  —  jr*c— c  peak  at  285.2  eV 
and  X-ray  incidence  angle,  8 ,  of  50°.  b  Average  of fc—c  over  the  range 
z/X  =  0  to  z/X  =  2. 

also  had  a  PEGylated/fluorinated  block  of  a  lower  molecular 
weight.  Hence,  more  styrene  units  of  the  PS  block  are 
expected  to  be  present  in  the  near-surface  layer  of  the 
“dry”  film  of  block  copolymer  C  compared  to  the  “dry”  film 
of  block  copolymer  S.  The  average  numbers  of  phenyl  ring 
carbon  atoms, /avg,  were  accordingly  lower  for  copolymers  S 
and  R  (about  0.26  and  0.27,  respectively).  It  may  be  expected 
that  copolymer  R,  with  a  random  microstructure,  would 
have  a  higher  surface  concentration  of  styrene  units  than 
the  block  copolymers,  but  the  NEXAFS  spectra  indicate 
that  surfaces  of  copolymer  R  predominantly  contained  the 
PEGylated/fluorinated  styrene  monomer.  This  can  be  ex¬ 
plained  by  the  fact  that  most  of  the  film  (ca.  91  vol  %  of  the 
film)  was  composed  of  the  PEGylated/fluorinated  monomer 
(cf.  Table  1). 

In  contrast  to  the  surfaces  of  “dry”  copolymer  films,  the 
average  number-fractions  of  phenyl  ring  carbon  atoms, /avg, 
in  the  surface  layer  of  all  the  “wet”  films  were  close  to  0.21, 
indicating  that  the  copolymer  surfaces,  which  had  been 
soaked  in  water  prior  to  NEXAFS  measurements,  mostly 
contained  the  PEGylated/fluorinated  monomer.  Upon 
water  immersion,  the  concentration  of  the  C=C  carbon 
atoms  in  the  surface  region  will  increase  because  of  migration 
of  the  PEG-grafted  phenyl  rings  toward  the  surface  but  will 


Figure  8.  Schematic  of  side  chain  conformation  in  “dry”  and  “wet” 
films  of  the  PEGylated/fluorinated  copolymers. 

decrease  due  to  displacement  of  the  phenyl  rings  of  the 
styrene  comonomer  (without  grafted  side  chains)  away  from 
the  surface.  Clearly,  the  migration  of  the  PS  block  (or  styrene 
units  in  the  random  copolymer)  away  from  the  surface  causes 
a  greater  decrease  in  the  jt*c=c  signal  than  the  increase 
due  to  the  migration  of  PEG-tethered  phenyl  rings  toward 
the  surface. 

The  average  number  of  phenyl  ring  carbon  atoms  at 
surfaces  of  the  “wet”  films  of  copolymers  S  and  R  is 
lower  than  the  stoichiometric  value  of  0.21  because  of 
the  displacement  of  the  phenyl  rings  away  from  the  poly¬ 
mer  surface  by  the  PEGylated  side  chains  that  adopted  an 
extended  conformation  when  contacted  with  water  (cf. 
Figure  8). 

In  the  following  sections,  a  more  detailed  discussion  of  the 
surface  composition  of  the  copolymer  thin  films  and  the 
surface  reconstruction  after  water  immersion  is  reported. 

Block  Copolymer  with  Cylindrical  Nanostructures.  Figure  9 
compares  the  NEXAFS  spectra  of  “dry”  and  “wet”  films  of 
block  copolymer  C,  obtained  at  incidence  angles  of  50°  and 
130°.  The  complete  set  of  NEXAFS  spectra,  including  those 
obtained  at  other  X-ray  incidence  angles,  are  available  as 
Supporting  Information. 

Figure  10  shows  the  experimental  jt*q=c  resonance  in¬ 
tensities  at  different  X-ray  incidence  angles,  for  the  “dry” 
and  the  “wet”  films,  and  the  best  fit  7a  vs  0  curves  that 
correspond  to  the  composition  profiles  shown  in  Figure  7a. 
A  large  decrease  in  the  jt*c=c  resonance  intensity  is  observed 
for  the  water-immersed  sample,  at  all  angles  of  X-ray 
incidence.  There  is  a  corresponding  increase  in  the  intensities 
of  the  jt*c=ch  ct*c-f>  and  cr*c_o  resonances  in  the  “wet” 
samples  (cf.  Figure  9).  The  decrease  in  the  Jt*c=c  resonance 
intensity  and  the  increase  in  the  jr*c=0-  <7*c-f>  and  a* c_0 
peak  heights  is  attributed  to  the  migration  of  the  phenyl  rings 
away  from  the  surface  and  the  PEGylated  fluoroalkyl  side 
chains  toward  the  surface. 
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Figure  9.  C  1  s  NEXAFS  spectra  of  “dry”  and  “wet”  thin  films  of  block  copolymer  C,  acquired  at  X-ray  incidence  angles  of  (a)  50°  and  (b)  1 30°  and  an 
entrance  grid  bias  of  — 150  V. 


Figure  10.  Intensity  of  the  C  Is  —  Ji*  o=c  resonance  as  a  function  of  the 
X-ray  incidence  angle  for  “dry"  and  “wet”  thin  films  of  block  copolymer 
C;  EGB  =  —150  V.  The  solid  lines  are  best  fit  curves  for  the  model 
discussed  in  Supporting  Information. 

Block  Copolymer  Thin  Films  with  Spherical  Nanostruc¬ 
tures.  Figure  1 1  shows  a  comparison  of  the  jr*c=c  peak 
intensities  at  different  X-ray  incidence  angles  for  the  "dry” 
and  “wet”  surfaces  of  polymer  S.  The  solid  lines  are  best  fit 
curves,  determined  as  described  in  Supporting  Information. 

In  the  case  of  block  copolymer  S,  the  spherical  micro¬ 
domains  of  the  PS  block  were  completely  covered  by  the 
PEGylated/fluorinated  block,  resulting  in  lower  jt*c=c  re¬ 
sonance  intensities  and  /avg  values  than  for  block  copolymer 
C.  When  the  film  contacted  water,  surface  reconstruction 
occurred  at  the  level  of  individual  PEGylated/fluorinated 
monomer,  as  shown  in  Figure  8.  There  was  an  overall 
decrease  in  the  concentration  of  phenyl  rings  in  the  vicinity 
of  the  surface. 

Random  Copolymer.  The  C  Is  NEXAFS  spectra  of  the 
“dry”  and  wet  thin  films  of  the  random  copolymer,  R,  are 
shown  in  Figure  12.  The  normalized  jr*c=c,  for  all  the  X-ray 
incidence  angles  used,  are  shown  in  Figure  13.  As  in  the  case 
of  polymers  H,  S,  and  C,  the  ji*c=c  intensities  are  lower 
when  the  X-ray  incidence  was  at  130°  than  at  50°.  Although 
the  average  number-fraction  of  phenyl  ring  carbon  atoms  is 
significantly  lower  in  random  copolymer  R  (/b  ~  0.275)  than 
block  copolymer  S  (/b  ~  0.432),  their  surface  composition  is 
fairly  similar  (/avg  is  about  0.26  for  S  and  about  0.27  for  R). 
Thus,  block  architecture  of  the  copolymer  can  produce 
surface  concentration  profiles  that  are  similar  to  a  random 
architecture,  but  at  a  significantly  lower  number  fraction  of 
the  PEGylated/fluorinated  surface-active  monomer,  a  result 
that  is  of  relevance  in  designing  practical  coatings  for  large 
surfaces  such  as  ship  hulls. 


Figure  11.  Intensity  of  the  C  1  s  —  jr*c-c  resonance  as  a  function  of  the 
X-ray  incidence  angle  for  "dry"  and  “wet”  thin  films  of  block  copolymer 
S;  EGB  =  -150  V. 

4.3.  Surface  Wettability.  Advancing  and  receding  water 
contact  angles  were  measured  on  the  “dry”  polymer  films. 
These  thermally  annealed  films  were  sufficiently  smooth, 
with  AFM  root-mean-square  surface  roughness  values  equal 
to  1.7  nm  for  dry  C  and  0.98  nm  for  dry  S.  Thus,  the 
difference  between  the  advancing  contact  angle,  0a,  and  the 
receding  contact  angle,  0r,  characterizes  rapid  surface  recon¬ 
struction,  and  in  the  case  of  the  copolymers,  any  surface 
chemical  heterogeneity,  rather  than  surface  roughness.  The 
advancing  and  receding  angles  on  homopolymer  H  were 
120  ±  2°  and  22  ±  4°,  respectively,  indicating  rapid,  rever¬ 
sible  surface  reconstruction.  The  0a  and  0r  values  at  a  parti¬ 
cular  spot  on  the  surface  did  not  change  noticeably  with 
repeated  expansion  and  contraction  of  the  water  droplet  at 
that  spot,  suggesting  that  the  surface  reconstruction  was 
reversible  over  the  time  scale  of  the  dynamic  contact  angle 
experiment.  For  block  copolymer  C,  6a  was  101  ±  1°  and  6r 
was  50  ±  1°.  A  significant  influence  of  the  PS  block  on  the 
water  contact  angle  values  is  evident,  as  expected  from  the 
NEXAFS  spectra  of  the  dry  film  (which  show  a  pronounced 
jt*c=c  peak  from  phenyl  rings  and  a  less  distinct  ct*c-f  peak 
from  the  fluoroalkyl  segments  of  the  side  chains).  Polysty¬ 
rene  homopolymer  has  6.d  =  94  ±  4°  and  6r  =  81  ±  3°.  The 
surface  PS  component  of  block  copolymer  C  lowers  the 
advancing  contact  angle  and  raises  the  receding  contact 
angle  relative  to  homopolymer  FI.  The  contact  angles  on 
block  copolymer  S,  on  the  other  hand,  were  closer  to  those 
on  homopolymer  FI  (0a  and  0r  of  108  ±  1°  and  44  ±  2°, 
respectively,  for  “dry”  S).  The  random  copolymer  R  gave  an 
advancing  contact  angle  value  near  that  on  homopolymer  H 
and  a  receding  contact  angle  somewhat  closer  to  the  value 
on  polystyrene  (0a  =  1 14  ±  2°  and  0r  =  60  ±  2°  for  “dry"  R). 
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Figure  12.  C  1  s  NEXAFS  spectra  of  “dry”  and  “wet"  thin  films  of  random  copolymer  R,  acquired  at  X-ray  incidence  angles  of  (a)  50°  and  (b)  1 30°  and 
an  entrance  grid  bias  of  - 1 50  V. 


Figure  13.  Intensity  of  the  C  Is  —  n*c=c  resonance  as  a  function  of 
the  X-ray  incidence  angle  for  “dry”  and  “wet”  thin  films  of  random 
copolymer  R;  EGB  =  —150  V. 

In  summary,  the  dynamic  water  contact  angles  are  signifi¬ 
cantly  influenced  by  the  microstructure  of  the  copolymer  in 
the  film,  and  by  the  surface  composition. 59-62 

5.  Conclusions 

We  have  used  NEXAFS  spectroscopy  to  study  molecular 
organization  at  surfaces  of  polymers  containing  PEGylated 
fluoroalkyl  side  chains.  The  depth  profiling  technique  described 
in  this  paper  was  used  to  obtain  the  composition  profile  in  the  top 
few  nanometers  of  the  polymer  thin  films  and  determine  the 
average  surface  concentration  of  phenyl  ring  carbon  atoms.  A 
homopolymer  of  the  PEGylated/fluorinated  monomer  and  its 
copolymers  with  styrene  were  studied.  Both  random  copolymer 
and  block  copolymer  thin  films  were  probed.  In  all  the  polymer 
films  investigated,  the  low  surface  energy  fluoroalkyl  segments  of 
the  side  chains  showed  segregation  to  the  polymer— air  interface, 
dragging  along  the  relatively  high  surface-energy  PEG  groups.  In 
the  case  of  diblock  copolymer  thin  films,  it  is  generally  expected 
that  the  block  with  lower  surface  energy  will  be  present  at  the 
surface,  completely  covering  the  higher  surface  energy  block. 
However,  NEXAFS  spectra  of  the  cylinder-forming  block  co¬ 
polymer  film  clearly  showed  the  presence  of  the  higher  surface 
energy  polystyrene  block  in  the  near  surface  region  (z  S  4  nm). 
The  block  copolymer  with  spherical  microdomains,  on  the  other 
hand,  presented  mainly  the  lower  energy  fluorinated  block  at  the 
air— polymer  interface.  Evidently,  spherical  microdomains  can  be 
more  effectively  covered  by  a  lower  surface  energy  brush  layer 
than  wormlike  cylindrical  microdomains.  Moreover,  the  sphere- 
forming  block  copolymer  showed  similar  surface  composition 
and  concentration  profile  as  a  random  copolymer,  at  a  signifi¬ 
cantly  lower  content  of  the  PEGylated/fluorinated  monomer. 

All  surfaces  showed  surface  reconstruction  after  immersion 
in  water.  The  composition  depth  profiles  showed  significant 


differences  before  and  after  water  treatment.  The  polymer  films 
showed  migration  of  phenyl  rings  away  from  the  surface  after 
water  immersion.  In  the  case  of  block  copolymers,  the  decrease  in 
the  intensity  of  the  Jt*c=c  resonance  is  mainly  due  to  migration  of 
the  PS  domains  away  from  the  polymer  interface,  which  explains 
the  relatively  slow  kinetics  of  this  surface  reconstruction  process. 
Surface  wettability  measurements  have  shown  an  under-water 
reconstruction  that  occurs  over  a  period  of  several  hours.7,15  A 
faster  surface  reconstruction,  which  can  be  inferred  from  dyna¬ 
mic  water  contact  angle  measurements,  occurs  by  flipping  of  the 
side  chains  such  that  the  perfluoroalkyl  segments  rearrange  to 
accommodate  the  PEG  segments  that  are  preferred  at  the  polymer- 
water  interface. 

In  conclusion,  contrary  to  expectations  that  the  surfaces  of 
block  copolymer  coatings  will  be  completely  covered  by  a 
lamellar  layer  of  the  block  with  lower  surface  energy,  the  present 
study  shows  that  it  may  be  possible  to  at  least  partially  expose  the 
higher  surface  energy  block  at  the  polymer  interface.  Such  block 
copolymer  coatings  may  find  use  in  biomedical  applications 
where  nanoscale  chemical  heterogeneity  is  sought,  for  example, 
in  preventing  protein  adsorption  on  surfaces. 
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from  experimental  data.  This  material  is  available  free  of  charge 
via  the  Internet  at  http://pubs.acs.org. 
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